Colorectal cancer (CRC) is the third most common diagnosed cancer in males and the second most common diagnosed cancer in females worldwide; over 1.2 million colorectal cancer diagnoses and 608,700 colorectal cancer deaths were recorded in 2008[@b1]. More than 80% of sporadic CRC cases were induced by colorectal adenoma[@b2][@b3]. Colorectal adenomas are classified into advanced or non-advanced stages according to the guidelines of the American Society for Gastrointestinal Endoscopy (ASGE). Advanced adenomas can further develop into carcinoma[@b5]. The gut microbiota has frequently been proposed to be associated with the pathogenesis of a range of diseases, including inflammatory bowel disease (IBD)[@b6][@b7], diabetes[@b8] and obesity[@b9]. A recent study indicated that the mucosa-adherent microbiota consisted of entrenched residents, such as *Dorea* spp., *Faecalibacterium* spp.[@b10] and *Fusobacterium* spp.[@b11][@b12][@b13], which might play a more direct role in the etiology of adenomas compared with its lumen counterpart by adjusting nutrient metabolism, providing competitive exclusion and stimulating the immune system[@b14][@b15]. However, fungi, as an important component of the intestinal microbiome, have been neglected because of their relatively low abundance and difficulty in culturing[@b16]. A study reported that the low abundance of gut microbes might alter the local microbiome, host immune responses, and drive severe intestinal inflammation[@b17]. Therefore, the fungal gut microbiota must be extensively explored to obtain a clear picture of the natural communities and understand its role in the mucosal immune system that may lead to certain gut diseases, such as adenomas.

The fungal diversity in the human intestine has been assessed previously using denaturing gradient gel electrophoresis (DGGE) or clone library sequencing technology in healthy subjects and obese patients[@b18][@b19][@b20][@b21]. Only a small fraction could be detected, and the fungal profile of intestinal samples could not be accurately represented. These limited results revealed that the fungal microbiota recovered in an individual was relatively homogenous (less than 10 phylotypes) and also suggested that eukaryotic communities were stable across time and were unique to individuals. In recent years, deep sequencing technologies have been introduced to characterize the fungal diversity in soil, human oral samples and fecal specimens of rodents, pig and dogs[@b22][@b23][@b24][@b25][@b26]. However, the human intestinal fungal microbiome has not been deeply investigated. Therefore, the human gut fungal microbiota should be examined with deep sequencing coverage to comprehensively understand the composition and distribution of fungal communities[@b27]. It is also very important to discover the specific pathogenic fungal species that might be involved in the etiology of gastrointestinal illness.

For colorectal adenomas, understanding the fungal agent associated with the etiology of advanced adenomas is crucial to evaluate the progress of adenomas from benign to highly dysplastic. In this study, fungal diversity in the adenomas and adjacent biopsy samples was characterized using a deep sequencing platform to reveal the structure of the human gut fungal microbiota and to determine whether a relationship exists between commensal or pathogenic fungi and the etiology of colorectal adenomas. These results might provide new biomarkers that could be used in the diagnosis of adenomas.

Results
=======

Characteristics of the study subjects
-------------------------------------

In this study, we characterized the mucosa-adherent fungal microbiota of paired biopsy samples of adenomas and adjacent tissue from 27 subjects. The subjects were 56.3 years old on average, and male subjects accounted for 63.0% of the population. Approximately two-thirds of the subjects (63.0%) were overweight, and none of the subjects were obese. Nineteen subjects (19/27 = 70.0%) were classified with advanced stage disease; the remaining were classified with non-advanced subjects. Proximal and distal adenomas represented 48.1% and 51.9% of the sample population. Adenomas were categorized as small (1--5 mm; 3.7%), medium (6--10 mm; 81.5%) and large (\>10 mm; 14.8%). The average number of adenomas per patient was 1.8 (range 1--6). The characteristics of the participants are presented in [Table 1](#t1){ref-type="table"}.

Taxonomy of the intestinal mucosal-associated fungal microbiota in subjects with adenomas
-----------------------------------------------------------------------------------------

The intestinal fungal microbiota was characterized using an Illumina HiSeq 2000 platform combined with the fungal internal transcribed spacer (ITS) region ITS1 and ITS2 primer pair[@b47]. After quality filtration, 62,154,447 high quality reads were obtained from 54 intestinal biopsy samples, which resulted in an average of 1,151,008 reads per biopsy for taxonomy analysis. [Table 2](#t2){ref-type="table"} presents the number of reads assigned to different level taxa and the percentage accounting for total qualified reads.

As shown in [Figure 1A](#f1){ref-type="fig"}, the high-quality reads can be assigned to five fungi phyla ([Supplementary Information Table 1](#s1){ref-type="supplementary-material"}). Three dominant phyla, Ascomycota (82.3% in adenomas and 80.5% in adjacent biopsy samples), Glomeromycota (3.6% and 3.1%, respectively) and Basidiomycota (2.5% and 2.6%, respectively), were present across all 54 specimens. Two rare phyla (relative abundance \< 1%) were present: Chytridiomycota was present in 74% (40/54) of specimens, and Neocallimastigomycota was present in 3.7% (2/54) of biopsy samples. Phylum Neocallimastigomycota is believed to come from diet and be transiently present in the human gut; therefore, it was excluded in the following analysis. A statistic comparison of the relative abundance of the phyla between adenomas and adjacent biopsy samples revealed that the phyla exhibiting the largest difference was *Glomeromycota* (p = 0.25).

We further analyzed the fungal microbiota structure of intestinal mucosa biopsy samples at the genus level. In total, there were 60 genera present in biopsy samples ([Fig. 1B](#f1){ref-type="fig"}). Fifty-one genera were observed in adjacent mucosa specimens, whereas forty-four genera were present in adenomas ([SI Table 1](#s1){ref-type="supplementary-material"}). Thus, a decreased diversity in adenomas was observed compared with adjacent biopsy samples. Intriguingly, among these genera, *Phoma*, an important opportunist pathogen, was dominant in all specimens and accounted for 54% and 39% of relative abundances in adenomas and adjacent biopsy samples, respectively. *Candida* was the other genus with a relatively high abundance present in adenomas (7%) and adjacent tissue samples (1%). These two genera accounted for 45% of the fungal microbiota in adenoma subjects. The low-abundance genera (0.01--1%) include *Plectosphaerella*, *Cladophialophora*, *Cladosporium*, *Trichosporon*, *Rhodotorula* and *Thanatephorum*. Furthermore, 36 species were discovered in studied biopsy samples ([Fig. 1C](#f1){ref-type="fig"}). Excluding unclassified species, the species with the highest relative abundance was *Candida tropicalis*, which accounted for 3.6% and 2.1% of species in adenomas and adjacent biopsy samples, respectively. Other rare species (0.1--1%) included *Rhodotorula glutinis* and *Cladosporium cladosporioides*. However, no significant difference between adenomas and adjacent biopsy samples at the phylum, genus or species level were observed by *t*-test.

OTU-level analysis for the overall fungal microbiota composition of adenomas and paired adjacent biopsy samples
---------------------------------------------------------------------------------------------------------------

The qualified reads were clustered using CROP[@b28] at 95% sequence identity for OTU generation. In total, there were 261 OTUs present in 54 mucosal biopsy samples ([SI Table 1](#s1){ref-type="supplementary-material"}). After OTUs with less than 10 supported reads were removed, 232 OTUs remained. Ninety-one OTUs overlapped between adenomas and adjacent biopsy samples. Furthermore, 61 and 80 OTUs were uniquely present in adenomas and adjacent biopsy samples, respectively. Compared with adjacent biopsy samples, less diversity was observed in adenomas ([Fig. 2A](#f2){ref-type="fig"}). Forty-eight core OTUs that were presented in more than 15% (8/54) of biopsy samples were selected for hierarchical clustering and PCA analysis to determine whether the core composition of the fungal microbiota can be separately clustered between adenomas and adjacent biopsy samples. Furthermore, for each biopsy, a rarefaction curve was drawn at a specific OTU level as a function of the observed number of OTUs on sequence counts at different sequencing depths. [Figure 2B](#f2){ref-type="fig"} indicates that all rarefaction curves were saturated. Based on the core OTUs, the hierarchical clustering ([SI Fig. 1A](#s1){ref-type="supplementary-material"}) and PCA ([SI Fig. 1B](#s1){ref-type="supplementary-material"}) analysis revealed that adenomas and adjacent biopsy samples could not be classified into two separate clusters.

According to the etiology staging system, adenomas were classified into advanced or non-advanced stages. In this study, 8 subjects exhibited non-advanced disease, and 19 subjects exhibited advanced adenoma. The hierarchical clustering and PCA analysis were conducted between subjects with advanced and non-advanced adenomas ([Fig. 3A](#f3){ref-type="fig"} and [Fig. 3B](#f3){ref-type="fig"}) and adjacent ([SI Fig. 2A and SI Fig. 2B](#s1){ref-type="supplementary-material"}) biopsy samples. Compared with non-advanced biopsy samples, the hierarchical clustering analysis revealed that the advanced biopsy samples tended to cluster separately in both adenomas and adjacent biopsy samples ([Fig. 3A](#f3){ref-type="fig"} and [SI Fig. 2A](#s1){ref-type="supplementary-material"}). However, PCA analysis revealed such a tendency only in adenoma biopsy samples ([Fig. 3B](#f3){ref-type="fig"}).

The OTUs differed significantly between adenomas and adjacent biopsy samples or different stage biopsy samples
--------------------------------------------------------------------------------------------------------------

We selected OTUs with different abundances between adenomas and adjacent biopsy samples using a *t*-test and found that OTU 144089, which is assigned to phylum Basidiomycota, was significantly enriched in adjacent biopsy samples (p = 0.01) ([Fig. 4A](#f4){ref-type="fig"}). The same test has also been conducted between adenomas and adjacent biopsy samples in advanced and non-advanced subjects. OTU 697566 ([Fig. 4B](#f4){ref-type="fig"}), assigned to phylum Chytridiomycota, class Chytridiomycetes and order Spizellomycetales, was significantly enriched in adenomas compared with adjacent biopsy samples (p = 0.04); OTU 144089 ([Fig. 4C](#f4){ref-type="fig"}) was significantly enriched in adjacent samples compared with adenomas in advanced subjects (p = 0.01). In non-advanced subjects, OTU 196869 ([Fig. 4D](#f4){ref-type="fig"}), assigned to phylum Glomeromycota, class Glomeromycetes and order Paraglomerales, was significantly enriched in adenomas compared with adjacent biopsy samples (p = 0.04).

More importantly, there were two different clusters between advanced and non-advanced biopsy samples analyzed by PCA. Each of those clusters had two OTUs that may have acted independently in the development of adenomas. Statistical analysis revealed that two OTUs, 5543 ([Fig. 4E](#f4){ref-type="fig"}; p = 0.01) and 157510 ([Fig. 4F](#f4){ref-type="fig"}; p = 0.03), were significantly enriched in advanced adenoma biopsy samples compared with non-advanced adenoma tissue. OTU 5543 and OTU 157510 were assigned to order Saccharomycetales and phylum Basidiomycota. Furthermore, two OTUs, 47507 (4G; p = 0.02) and 339 (4H; p = 0.03), which were assigned to the *Fusarium* and *Trichoderma* genera, respectively, were significantly enriched in adjacent biopsy samples in advanced disease subjects compared with their counterparts in non-advanced subjects. [Table 3](#t3){ref-type="table"} demonstrates that the OTUs differed significantly between adenomas and adjacent biopsy samples and between advanced and non-advanced biopsy samples.

To determine whether the structure of the fungal microbiota in the biopsy samples was correlated with the clinical data of the studied subjects, we compared the Shannon diversity of the samples with different clinical data using the abundance of core OTUs. The clinical data included adenoma size (diameter: 1--5 mm small; 6--10 mm media; \>10 mm large), number of adenomas, body mass index (BMI) and disease stage (advanced and non-advanced). The relationship between the Shannon diversity and clinical data was evaluated using the Pearson coefficient. [Table 4](#t4){ref-type="table"} demonstrates that adenoma size and disease stage were the most important clinical data and exhibited a close relationship with the OTU Shannon diversity.

Discussion
==========

Despite extensive literature on the human gut microbiome, little is known regarding the gut fungal microbiota, especially the intestinal mucosal-associated mycobiota composition and dynamic changes during gut disease development. This lack of information may be the result of the low abundance of fungi in the gut microbiome or limited attention received from molecular analyses[@b29][@b30]. Fungi are an important part of the human gut microbiome and play both beneficial and harmful roles in humans[@b30]. Moreover, compared with the lumen counterpart, the mucosal associated fungal microbiota is more stable because the organisms adhere to surface-associated polysaccharide matrices of the gut epithelium[@b31]. Because the dysbiosis of intestinal mucosal-associated fungal microbiota may be associated with the etiology of IBD[@b32] and CD[@b33], changes in the gut fungal microbiota may be involved in the development of adenomas. In this study, we explored the profile of intestinal mucosal-associated fungal microbiota in 27 subjects with adenomas using the Illumina HiSeq 2000 platform. The results revealed that five fungi phyla were present in intestinal biopsy samples, including three dominant fungal phyla, Ascomycota, Glomeromycota and Basidiomycota, and two rare phyla (relative abundance \< 1%), Chytridiomycota and Neocallimastigomycota. Only two fungal phyla were reported in the fungal microbiota of intestinal biopsy samples from IBD patients, including Ascomycota and Basidiomycota[@b32]. The other study focusing on the gut mucosal mycobiota in CD reported that the main phyla were Saccharomycotina, Pezizomycotina, and Basidiomycota[@b33]. The reason for this discrepancy among studies may be that different clinical samples were assayed and different methodologies (DGGE vs high throughput sequencing technology) were used.

Approximately 100,000 fungal species exist in the environment, but of these, only 300 species are known to cause animal or human infection[@b34]. Most of the fungal infections in humans are undiagnosed and under-reported[@b35]. In this study, sixty fungal genera were discovered, and two opportunistic pathogenetic fungi genera, *Phoma* and *Candida*, were abundantly (45%) present in all 54 biopsy samples. Interestingly, *Phoma* only accounted for 2.8% of the fungi in oral rinse samples from healthy subjects[@b21]; however, this species was first observed as the predominant genus in intestinal biopsy samples of subjects with adenomas. As an opportunistic fungal pathogen, it has been reported that *Phoma* can cause lung mass[@b36] and subcutaneous mycosis[@b37][@b38] and therefore may also be involved in the formation of adenomas. In addition, *Candida* species, another opportunistic fungal pathogen[@b22][@b39] that rarely colonizes the gastrointestinal tracts of healthy subjects[@b40], were also discovered in our study at a relatively high abundance (2.8%) in all biopsy samples. *Candida* spp. are able to form biofilms, which makes the genera a potential cause of nosocomial infections[@b35][@b41]. Moreover, *Candida tropicalis*, perhaps associated with fungal infection in severe ulcerative colitis[@b22], was also found to be present in all 54 biopsy samples at relatively high abundance. Taken all together, these results further proved that the pathogenesis of the dominant fungus in intestinal mycobiota may be common among patients with adenomas and is also most likely involved in the development of adenomas. [Table 2](#t2){ref-type="table"} indicated that lower taxa were assigned fewer reads, indicating that the fungal database, especially the fungal database associated with humans, should be further expanded to provide more reference information for fungal mycobiota and to help identify potential fungi biomarkers in human gut illness.

We further explored the global structure of the fungal microbiota at the OTU level in biopsy samples of subjects with adenomas to determine whether individual OTUs are involved in the etiology of adenomas. In this study, 232 OTUs were identified in intestinal biopsy samples using high throughput sequencing technology. However, using DGGE and clone library sequencing, Ott et al.[@b32] only found 43 OTUs in their study of intestinal mucosa-associated fungal microbiota in IBD patients and control subjects. Moreover, a decreased diversity of adenomas was observed compared with control biopsy samples in the present study. This result supported the hypothesis that fungal infection may play a role in chronic disease pathogenesis; however, an inverse correlation between fungal diversity and disease progression is more likely to occur because the microenvironment becomes less suitable for fungal growth, e.g., mucus dysfunction in cystic fibrosis (CF)[@b42]. At the global level, there were no significant differences between adenomas and adjacent biopsy samples. However, the individual OTU 144089, assigned to phylum Basidiomycota, was significantly enriched in adjacent biopsy samples compared with adenomas (p = 0.01) ([Fig. 4A](#f4){ref-type="fig"}; [Table 3](#t3){ref-type="table"}). Furthermore, when comparing OTUs present in the adenomas and adjacent biopsy samples in advanced and non-advanced subjects, we found that OTU 144089 was also significantly enriched in adjacent samples compared with adenomas in advanced subjects (p = 0.01) ([Fig. 4B](#f4){ref-type="fig"}; [Table 3](#t3){ref-type="table"}). Thus, OTU 144089 may be a commensal or beneficial OTU surviving in adjacent biopsy samples that is excluded by some factors, such as other fungal, bacteria or metabolic products. OTU 196869, assigned to phylum Glomeromycota, class Glomeromycetes and order Paraglomerales, was significantly enriched adenomas compared with adjacent biopsy samples in non-advanced subjects. Therefore, OTU 196869 may be involved in the development from normal biopsy samples to adenomas. OTU 697566, assigned to phylum Chytridiomycota, class Chytridiomycetes and order Spizellomycetales, was significantly enriched in adenomas compared with adjacent biopsy samples in advanced subjects (p = 0.04). Thus, OTU 697566 may be adaptive to the microenvironment of advanced adenomas, whereas OTU 196869 is better suited for the non-advanced adenomas microenvironment. Overall, the two enriched OTUs may be related to the presence of adenomas.

However, the detailed fungal microbiota composition of biopsy samples of different stages revealed that there was a discrepancy between advanced and non-advanced adenoma biopsy samples in PCA analysis ([Fig. 3B](#f3){ref-type="fig"}). Furthermore, two OTUs, including OTU 5543 (p = 0.01) and OTU 157510 (p = 0.03), were significantly enriched in advanced biopsy samples compared with non-advanced adenomas tissue. OTU 5543 and 157510 were assigned to order Saccharomycetales and phylum Basidiomycota, respectively. This result indicated that the change of the fungal microbiota composition, especially with respect to OTU 5543 and 157510, may play a more important role in the development of non-advanced to advanced adenomas. However, we were unable to obtain further information regarding these OTUs because the sequences cannot be assigned to a lower level due to the absence of a reference in the ITS database. Furthermore, when compared with the adjacent biopsy samples between advanced and non-advanced subjects, two OTUs were observed to be significantly enriched in advanced subjects. One of the two important OTUs, OTU 47507, which can be assigned to genus *Fusarium*, was significantly (p = 0.02) enriched in advanced stages compared with non-advanced stages in adjacent biopsy samples. Some species of the *Fusarium* genus are believed to cause a range of infections in humans with normal or compromised immune systems because of the toxin it produces[@b43]. By altering the different intestinal defense mechanisms, cell proliferation, mucus layer, immunoglobulins (Ig) and cytokine production, *Fusarium* is therefore involved in infectious disease[@b44]. As one of the *Fusarium* toxins, Deoxynivalenol (DON) could play a role in diseases like inflammatory bowel disease (IBD)[@b45][@b46]. OTU 339, which was assigned to the *Trichoderma* fungal genus, has become a member of the emerging list of opportunistic pathogens. *Trichoderma* spp. has been reported to cause pulmonary mycetoma[@b47], peritonitis[@b48][@b49][@b50], infection of a perihepatic hematoma[@b51] and disseminated disease[@b52] in immunocompromised subjects. Therefore, *Fusarium* and *Trichoderma* colonization might be associated with the different stages of adenoma progression.

In this study, next-generation sequencing on the HighSeq platform combined with bioinformatics analyses were performed to investigate the intestinal fungal microbiota of subjects with adenomas. Our results revealed that there was a change in the fungal microbiota in adenoma patients at different stages of progression and that the opportunistic pathogenetic fungi predominant in mucosa biopsy samples may be a common profile in patients with adenomas. The OTUs with significant difference in biopsy samples might be associated with different stages of adenomas progression. However, because of ethical issues, we were unable to obtain biopsy samples from healthy individuals. Therefore, in the current study, we were unable to compare the adenoma biopsy samples with healthy biopsy samples. This sample should be included in future studies by recruiting healthy volunteers. Moreover, because of the variations in individual mycobiota, a large number of healthy biopsy samples should be collected to better define healthy mycobiota. Furthermore, the specific fungi of intestinal biopsy samples should be investigated to determine the fungi and the host interaction during the development of adenomas and whether the fungal microbiota is an etiologic factor of colorectal adenomas.

Methods
=======

Study subjects and biopsy collection
------------------------------------

Intestinal biopsy samples were collected from twenty-seven subjects, including seventeen men and ten women. All subjects were more than 50 years old and were undergoing a colonoscopy; visible adenomas were removed and sent to the pathology laboratory for histological examination. Adjacent rectal biopsy samples were collected in approximately 10--12 cm regions from the location of the adenomas. Biopsy samples were rinsed in sterile PBS, frozen in liquid nitrogen, and stored at −80°C until use. Furthermore, these biopsy samples were categorized into two subgroups by a pathologist according to the American Society for Gastrointestinal Endoscopy (ASGE) Guideline: advanced (n = 19) and non-advanced (n = 8) stage adenomas[@b4]. Subjects did not use antibiotic or antifungal medication within the three months prior to the colonoscopy. Subjects had no known gastrointestinal disease in the previous year and no family history of CRC or other metabolic disease. All samples were collected in accordance with the relevant guidelines and regulations, and the research was approved by the Research Ethics Boards of Beijing University People\'s Hospital. Documented informed consent was obtained from all participants.

DNA extraction and sequencing
-----------------------------

Fungal genomic DNA was extracted from intestinal biopsy samples using the QIAamp DNA Stool Mini Kit (cat. No. 51504, Qiagen, Hilden, Germany) according to the manufacturer\'s instructions, with minor modifications. Briefly, biopsy samples were disrupted in an ASL buffer and were homogenized with 100 mg of zirconium beads (0.1 mm) in a Mini-Beadbeater-1 (Biospec Products Inc., Bartlesville, OK, USA) at a rate of 4800 rpm/min four times for 30 s each time at room temperature. Lysozyme was then added at a final concentration of 20 mg/mL (Sigma, St. Louis, MO, USA), and the suspension was incubated at 37°C for 40 min to improve lyses efficiency. Subsequently, the mixture was incubated in a 95°C water bath for 5 min to further increase the amount of total DNA extraction. Subsequent steps were performed according to the manufacturer\'s recommendations. A barcoded high-throughput sequencing library was prepared according to the method described by Caporaso et al.[@b53] with an ITS1-2 primer pair. Briefly, the ITS region of the fungal DNA was amplified using the ITS1-F (5\' CTTGGTCATTTAGAGGAAGTAA 3\') and ITS2 (5\' GCTGCGTTCTTCATCGATGC 3\') primer pair[@b54]. In addition, to improve the fungus phylum coverage, the other four ITS-forward primers, each containing the same length as ITS1-F and starting from the ITS1-F 5\' end adjacent nucleotide, were also used in the preparation of the sequencing library. For the other four forward primers, each 5\' end nucleotide was designed by the aligned UNITE database using NCBI blast[@b55]. Both the forward and reverse primers had the appropriate Illumina adapters and sequencing primer pad. In addition, the reverse primer also contained a 6-bp barcode unique to each biopsy sample ([SI Table 2](#s1){ref-type="supplementary-material"}). All PCR reactions were performed in 50-μl volumes containing 0.5 μM of each primer, 200 μM of each deoxynucleoside triphosphate dNTP mix, 2 mM MgCl~2~, 5 μl of 10×Taq polymerase buffer, 1 U Kapa Taq DNA polymerase (Kapabiosystems, Boston, US) and 1 μl (100 ng) genomic DNA. Reactions were held at 95°C for 5 min followed by 35 cycles of 95°C for 1 min, 53°C for 45 sec, and 72°C for 1 min and a final elongation at 72°C for 7 min in an ABI thermocycler (Applied Biosystems 2720, USA). The PCR products were quantified with a Qubit 2.0 Fluorometer (Invitrogen). The fifty-four sequencing libraries were further quantified using real-time PCR on the ABI 7300 sequence detection system using the SYBR Green PCR Master Mix (Applied Biosystems). Paired-end sequencing (2 × 150 bp) was performed on an Illumina HiSeq 2000 sequencer in two lanes at the Center for Molecular Immunology of Chinese Academy of Sciences, Beijing, P.R. China.

Data analysis and taxonomic and OTU assignment
----------------------------------------------

All raw reads were trimmed from both the 5′- and 3′-ends until 5 continuous bases with scores higher than 20 were found, and the reads with shorter than 50 bp were removed. The high-quality read pairs with overlapping 3′-ends were merged, and the non-overlapping pairs were concatenated using eight "N"s. Preprocessing was performed using HTQC[@b56]. For the OTU generation, both the overlapping and the non-overlapping reads were clustered using CROP[@b28], which corresponds to a 95% sequence identity. The core OTUs were selected based on the criterion that the abundance was higher than 10 reads in at least 8 samples. The abundance profile of the core OTUs between the non-advanced and advanced-stage samples was compared. The abundance profile of the OTUs was generated using PCA analysis, and the principle components of all samples were tested against adenoma size and number, body weight index (BMI), and disease stage (advanced and non-advanced). The representative sequences of the OTUs were aligned with the UNITE database[@b57] using NCBI blast with an E value cutoff of 1e-5. The blast results were further filtrated by percent identity, and the taxonomy lineages of the representative sequences were defined by the lowest common ancestor of the blast hits. The abundance profile of the samples was generated at the phylum, genus and species levels.

Statistical analyses
--------------------

Sequence data were analyzed at several different scales. Fungal community composition was first examined at the phylum, genus and species levels, and the overall differences in the fungal microbiota composition between adenomas and adjacent biopsy samples were evaluated using a paired *t*-test. The OTU composition between adenomas and adjacent biopsy samples was analyzed by hierarchical clustering using Spearman Ranked distance and PCA analysis. The OTUs with different abundances in the samples of advanced and non-advanced stages were identified using a two-tailed *t*-test. The relationships among fungal Shannon diversity, abundance and clinical data were evaluated using the Pearson Correlation.

Nucleotide sequence accession numbers
-------------------------------------

The sequence data of this study were submitted to the NCBI Sequence Read Archive (SRA) under accession number SRP045925.
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![Distribution of fungi in adenomas and adjacent biopsy samples at the phylum (Figure 1A), genus (Figure 1B) and species (Figure 1C) levels.\
A: Adenoma biopsy; N: Normal biopsy. 1--27: case number of the biopsy samples.](srep07980-f1){#f1}

![(Figure 2A). The OTU attribution in adenomas and adjacent mucosa biopsy samples. The blue circle indicates the OTUs present in adjacent biopsy samples, and the brown circle indicates the OTUs present in the adenoma biopsy samples; overlap indicates the OTU shared by the two types of biopsy samples. (Figure 2B). Rarefaction curve demonstrating fungal sequence coverage in each biopsy. The curve depicts the number of OTUs observed at different sequencing depths where the *x*-axis is the number of sequences and the *y*-axis is the number of OTUs observed in each biopsy.](srep07980-f2){#f2}

![(Figure 3A). The heatmap and hierarchical clustering of subjects with advanced and non-advanced adenoma biopsy samples based on the core OTUs. Blue circles indicate the advanced biopsy samples; gray circles indicate the non-advanced biopsy samples. (Figure 3B). PCA analysis on advanced and non-advanced adenoma biopsy samples based on core OTUs. Red circles indicate the advanced adenomas; blue circles indicate the non-advanced biopsy samples.](srep07980-f3){#f3}

![(Figure 4A). OTU 144089, which was assigned to phylum Basidiomycota, exhibited significant enrichment in adjacent tissues (p = 0.01) compared with adenoma biopsy samples in 27 paired biopsy samples. (Figure 4B). (OTU 697566), (4C) (OTU 144089) and (4D) (OTU 196869) demonstrate that the OTUs differed significantly between adenoma and adjacent biopsy samples in subjects with advanced and non-advanced disease. (Figure 4E). (OTU 5543) and (4F) (OTU 157510) demonstrate that the OTUs differed significantly in adenoma biopsy samples between subjects with advanced and non-advanced disease. (Figure 4G). (OTU 47507) and (4H) (OTU 339) indicate that the OTUs differed significantly in adjacent biopsy samples between subjects with advanced and non-advanced disease.](srep07980-f4){#f4}

###### Characteristics of the study subjects

  Characteristics                     Case (n = 27)
  ---------------------------------- ---------------
  Age (mean, range)                   56.3 (48--69)
  Male                                63.0%(17/27)
  BMI                                        
  Normal                              37.0%(10/27)
  Overweight                          63.0%(17/27)
  Advanced (yes, %)                   70.0%(19/27)
  Adenoma location                           
  Proximal                            48.1%(13/27)
  Distal                              51.9%(14/27)
  Adenoma size                               
  1--5 mm (small)                      3.7%(1/27)
  6--10 mm (medium)                   81.5%(22/27)
  \>10 mm (large)                      14.8%(4/22)
  Number of adenomas (mean, range)      1.8; 1--6

Two biopsy samples were collected from each subject: biopsy samples of the adenomas and the paired adjacent tissue.

Body mass index (BMI): normal 18.5--24.9; overweight 25--30; Obese \> 30.

No nonsteroidal anti-inflammatory drugs (NSAIDs) or antibiotics were used for three months prior to the sample collection.

###### Reads were assigned to taxa at different hierarchical levels

  Taxa                              Reads assigned to taxa   Account for total qualified reads (%)
  -------------------------------- ------------------------ ---------------------------------------
  Phylum                                  50,723,562                         81.6
  Class                                   29,820,945                         48.0
  Order                                   28,080,406                         45.2
  Family                                  27,431,047                         43.5
  Genus                                   27,066,262                         43.5
  Species                                 1,646,224                           2.6
  OTU[1](#t2-fn1){ref-type="fn"}          62,153,972                         99.9

^1^OTU, Operational Taxonomic Unit. The OTUs were generated using CROP[@b28] at 95% sequence identity.

###### OTUs revealed significant differences among biopsy samples

  Mucosa                             Stage        Assigned Number of OTUs   Assigned to taxa    P value
  ----------------------------- ---------------- ------------------------- ------------------- ---------
  Adenomas vs adjacent tissue                             144089              Basidiomycota      0.01
  Adenomas vs adjacent tissue         Adv                 144089              Basidiomycota      0.01
                                                          697566            Chytridiomycota,        
                                                                            Chytridiomycetes,       
                                                                            Spizellomycetales    0.04
  Adenomas vs adjacent tissue       Non-adv               196869             Glomeromycota,         
                                                                             Glomeromycetes,        
                                                                             Paraglomerales      0.04
  Adenomas                       Adv vs Non-adv            5543                Ascomycota,          
                                                                              Ascomycetes,          
                                                                            Saccharomycetales    0.01
                                                          157510              Basidiomycota      0.03
  Adjacent tissue                Adv vs Non-adv            47507               Ascomycota,          
                                                                            Sordariomycetes,        
                                                                              Hypocreales,          
                                                                              Nectriaceae,          
                                                                               *Fusarium*        0.02
                                                            339                Ascomycota           
                                                                             Sordariomycetes        
                                                                               Hypocreales          
                                                                              Hypocreaceae          
                                                                              *Trichoderma*      0.03

OTU, Operational Taxonomic Unit; Adv, advanced adenomas; Non-adv, non-advanced adenoma biopsy samples; p \< 0.05 was defined as significantly different.

###### Relationship between Shannon-Wiener diversity and clinical data associated with intestinal mucosa biopsy samples

  Rank                         Clinical data                         Pearson correlation coefficient (Shannon-Wiener diversity index vs clinical data)
  ------ ---------------------------------------------------------- -----------------------------------------------------------------------------------
  1              Size of adenomas (adenomas biopsy samples)                                               0.42660
  2       Disease stage (adv vs non-adv) (adjacent biopsy samples)                                        0.35291
  3       Disease stage (adv vs non-adv) (adenomas biopsy samples)                                        0.3414
  4          Body mass index category (adenomas biopsy samples)                                           0.25450
  5          Body mass index category (adjacent biopsy samples)                                           0.24430
  6              Size of adenomas (adjacent biopsy samples)                                               0.22061
  7             Number of adenomas (adjacent biopsy samples)                                              0.17779
  8             Number of adenomas (adenomas biopsy samples)                                              0.11307
